We report on high-pressure angle-dispersive X-ray diffraction data up to 27 GPa for natural MgAlBO 4 sinhalite mineral and ab initio total energy calculations. The experimental bulk modulus of sinhalite is B 0 = 171(3) GPa with a first-pressure derivative of B 0 ′ = 4.2(3). A comparison with other olivine-type compounds shows that the value for B 0 is 27% larger than that of Mg 2 SiO 4 forsterite and 29% smaller than that of Al 2 BeO 4 chrysoberyl. These differences are interpreted, on the basis of our ab initio calculations, in terms of the relative incompressibility of Al−O bonds in AlO 6 octahedra (with a calculated bulk modulus of 250(1) GPa) as compared to Mg−O bonds in MgO 6 octahedra (with a calculated bulk modulus of 130(1) GPa). The spatial cation distribution in the Pbnm orthorhombic unit cell and different polyhedral compressibilities entails a strong anisotropic compression comparable to that of forsterite. The axial compressibilities are 1.06(2) × 10 for a, b, and c axes, respectively. The crystal chemistry of sinhalite under compression is compared to that of other olivine-like compounds. Compressibility trends and possible high-pressure phases are discussed.
INTRODUCTION
Crystal structures of olivine-group minerals have been extensively studied because of the relevance of (Mg,Fe) 2 SiO 4 silicates as major crustal and upper mantle minerals as well as the interest in their inherent crystal chemistry properties. A large number of compounds crystallize in the olivine-type structure, including silicates of the aforementioned forsterite− fayalite series (Mg and Fe as divalent cations), or formed by other divalent cations, e.g., Ca 2+ or Mn
2+
, and also nonsilicate compounds such as chrysoberyl, Al 2 BeO 4 , or sinhalite, MgAlBO 4 . The olivine-type M(1)M(2)TO 4 structure is described within the orthorhombic Pbnm space group (SG, No. 62) with four formula units per cell. It consists of a distorted hexagonal close-packed arrangement of oxygen atoms in which half of the octahedral sites are occupied by M(1) and M(2) cations and one-eighth of the tetrahedral sites contain T atoms.
The structure of mineral sinhalite, MgAlBO 4 , was reported from a natural sample, 1,2 but it was also synthesized under hydrothermal conditions, 3 at pressures ranging from 2 to 8 GPa and temperatures of 1473 K. Its structure (see Figures 1a−c) is defined by a M(1) octahedral site (point symmetry −1) occupied by small and highly electronegative Al 3+ cations, a M(2) octahedral site (point symmetry m) occupied by large and less electronegative Mg 2+ cations, and a T tetrahedral site (point symmetry m) containing B atoms. 4 Both AlO 6 and MgO 6 octahedra are distorted, and the BO 4 tetrahedron has a skewed appearance with an abnormally long B−O distance. Major structural features have been considered to be the edgesharing octahedra zigzag chains running parallel to c ( Figure  1a ) and, in particular, the columns formed by the M(1) octahedra (in projection in Figure 1c ). An alternative description for this structure in terms of its cation subarray was proposed. 5, 6 In this sense, the cationic framework of sinhalite can be considered as an orthorhombic distortion of the hexagonal Ni 2 In-type structure with trigonal prisms formed by Mg and Al atoms centered by B atoms linked by face sharing to form a corrugated-prismatic structure (see Figure 1d ). The partial [MgAlB] substructure can also be regarded as a distortion of the AlB 2 -type structure in which irregular graphite-like layers formed by B and Mg atoms alternate with slightly distorted 3 6 planar nets of Al atoms. 6 We note here that structural analyses in terms of second-neighbor contacts have proven to be particularly useful in determining high-pressure and temperature tendencies and polymorphism. 7−11 As far as we know, no high-pressure (HP) study on this mineral has been reported. Sinhalite, MgAlBO 4 , with both Mg− O and Al−O bonds constitutes the natural bridge between silicate olivines such as forsterite, Mg 2 SiO 4 , and chrysoberil, Al 2 BeO 4 , which contain only Mg−O or Al−O bonds. Thus, sinhalite is particularly interesting for a compressibility study since, in many oxides and silicates, unit-cell volume is proportional to compressibility. 12 In particular, this mineral is expected to have one of the largest bulk moduli among olivines because of its small unit-cell volume when compared to other olivines. Moreover, its axial anisotropy would give insight into the pressure-induced distortion of compositionally different polyhedra. Therefore, the principal aims of this experimental and theoretical work are (i) the determination of volume and axial compressibilities of sinhalite, (ii) the determination of polyhedral compressibilities, (iii) the understanding of pressure effects in the behavior of the sinhalite crystalline structure, i.e., polyhedral distortions, and (iv) the comparison with other natural and synthetic olivines. For this purpose we carried out room-temperature angle-dispersive X-ray diffraction (XRD) measurements up to 27 GPa and state-of-the-art ab initio total energy calculations, which provide an accurate description of the variation of bond distances and the polyhedral compressibilities with pressure.
EXPERIMENTAL DETAILS
To perform powder XRD measurements, a natural MgAlBO 4 crystal was crushed in a mortar with a pestle to obtain a micrometer-sized powder. XRD measurements at ambient conditions confirmed that our sample has an olivine-like structure. Energy-dispersive X-ray spectroscopy (EDS) electron-microprobe analyses of the sample were performed on a JEOL JSM6300 apparatus with an Oxford Instruments detector. The Final chemical composition for MgAlBO 4 was obtained by assuming stoichiometric borate and charge balancing against BO 4 5− , as reported elsewhere. 1, 13 No traces of other elements apart from Mg, Al, B, and O were found.
Two independent HP angle-dispersive XRD experiments were conducted at room temperature at the MSPD beamline 14 of the ALBA Synchrotron Light Source with an incident monochromatic wavelength of 0.4246 Å focused to 20 × 20 μm 2 . Experiment 1 was carried out up to 27 GPa. Measurements were performed in a membrane-type diamond-anvil cell (DAC) with diamond culets of 400 μm. Sinhalite powder was loaded in a 160 μm diameter hole of a Inconel gasket preindented to a thickness of about 50 μm. A 4:1 methanol− ethanol mixture was used as the pressure-transmitting medium. Experiment 2, up to 14 GPa, was performed in a symmetric DAC with diamond culets of 500 μm and a drilled rhenium gasket with a 200 μm diameter hole. MgAlBO 4 powder was loaded in the DAC using argon as the pressure-transmitting medium. This latter run was stopped at 14 GPa after a drastic deformation of the pressure chamber. In this study, pressure was determined using the ruby fluorescence technique. 15 In the second experiment, pressure calibration was also confirmed by the equation of state (EOS) of Ar. 16 XRD images covering a 2θ range up to 18°were collected using a Rayonix SX165 CCD detector. Detector calibration, correction of distortion, and integration to conventional 2θ-intensity data were carried out in both cases with the FIT2D software. 17 The indexing and refinement of the powder patterns were performed using the FULLPROF 18 and POWDER-CELL 19 program packages.
COMPUTATIONAL DETAILS
Ab initio simulations were performed within the framework of the density functional theory (DFT) and the pseudopotential method as implemented in the Vienna ab initio simulation package (VASP) of which a detailed account can be found in refs 20 and 21 and references therein. The exchange and correlation energy has been taken in the generalized gradient approximation (GGA) according to the Perdew−Burke− Ernzerhof (PBEsol) prescription for solids. 22 The projectoraugmented wave pseudopotential (PAW) scheme 23 was adopted to take into account the full nodal character of the all-electron charge density distribution in the core region. The basis sets employed included plane waves up to a kinetic energy cutoff of 520 eV to achieve highly converged results that ensure an accurate structural description.
In order to understand the compressibility of sinhalite and identify a potential HP phase, we have carried out firstprinciples calculations of the initial sinhalite (Pbnm, No. 62) structure and four potential HP phases, namely: wadsleyite-type (SG: Imma, No. 74), ringwoodite/spinel-type (SG: Fd3̅ m, No. 227), TlAlSiO 4 -type (SG: P2 1 /n, No. 14), and thenardite-type (SG: Fddd, No. 70). These four candidate structures were selected by empirical crystal chemical arguments, such as forsterite phase transitions at high pressures and temperatures 24 and the behavior under pressure of the cation subarrays in oxides. 6, 7, 10 Note that the olivine structure of sinhalite MgAlBO 4 has two different M cations, Mg 2+ and Al 3+ , compared to the olivine structure of forsterite, Mg 2 SiO 4 , with only Mg 2+ cations. Thus, the simulation of the thenardite and spinel structures, with special high symmetry positions, could only be performed provided that these two structures are described in terms of some of their subgroups with less symmetry elements. Site splitting permits the occupancy by a different type of atoms, in our case Mg and Al. In particular, thenardite was defined with the orthorhombic SG F222 (No. 22) structure, which allows us to split the Wyckoff position 16e (occupied by the M atoms in the Fddd space group) into two independent positions (8e and 8j) in the F222 phase. On the other hand, spinel (SG Fd3̅ m, Z = 8 and lattice parameter a) was simulated with the orthorhombic SG Imma (Z = 4, a′ = a/ √2, b′ = a/√2, and c′ = a) structure, which allows us to split the Wyckoff position 16d (occupied with M atoms in the cubic spinel structure, e.g., Mg 2 SiO 4 ringwoodite) into two independent positions (4b and 4c) in the Imma phase. 25 For all the studied structures, dense special k-point samplings were used for the Brillouin zone integrations to obtain wellconverged energies and forces. At each selected volume, the structures were fully relaxed to their equilibrium configuration (forces on the atoms less than 0.004 eV/Å and deviation of the stress tensor from a diagonal hydrostatic form less than 1 kbar). It is important to note that from DFT ab initio simulations the theoretical pressure, P(V), is obtained at the same time as the total energy, E(V). Pressure, like other energy derivatives, is calculated from the stress tensor. , to those given in the literature. 3, 4 No new Bragg peaks indicative of a phase transition were observed in the XRD patterns up to 27 GPa (see Figure 2 ). The evolution of the unit-cell parameters (see Figure 3 ) and volume (see Figure 4 ) as a function of pressure and obtained by using different pressure-transmitting media presents an excellent overall agreement among them and with our ab initio total-energy calculations. Hereafter, theoretical values will be denoted in parentheses. The lattice parameters of the orthorhombic unit cell (a, b, and c) vary smoothly with increasing pressure, which also supports the absence of phase transitions in this pressure range. The absolute contractions for the a-, b-, and c-axis between room pressure and 27 GPa are 0.1227, 0.5676, and 0.1833 Å, respectively. Experimental (theoretical) axial linear compressibilities for sinhalite are β a = 1.06(2) × 10 −3 (1.19 × 10 Unfortunately, XRD patterns present texturing effects due to uneven crystal sizes of the powder samples (see Figure 2) . This unwanted effect entails that the relative intensities of the diffraction maxima are not accurate, avoiding full structural refinements for sinhalite in the case of our experiment 1. In experiment 2 which presents more uniform diffraction rings but still spotty, and where Ar is used as pressure-transmitting medium, the atomic positions were tentatively obtained at different pressures by Rietveld refinements. We found that the pressure changes in the atomic positions were comparable with experimental uncertainties. Therefore, no reliable information on the evolution of the atomic positions under pressure could be obtained from our experimental data. For this reason and taking into account the good agreement found between experimental and theoretical data in (i) lattice parameters and atomic positions at ambient conditions (see Table 1 ) and (ii) the unit-cell compressibility data, we use data from our ab initio total-energy simulations to study the variation of bond distances and polyhedral compressibilities with pressure. Polyhedral volumes for MgAlBO 4 vary smoothly with pressure (see Figure 5 and Table 2 ) and give the following bulk moduli: Figure 3 . Evolution of the lattice parameters of sinhalite under high pressure. Two experimental runs were carried out: black solid and empty symbols denote upstroke and downstroke, respectively, of that performed with the mixture methanol−ethanol as pressure-transmitting medium, whereas the red solid symbols are upstroke data obtained using Ar as a pressure-transmitting medium. Triangles, squares, and circles correspond to a, b/2, and c axes, respectively. Theoretical calculated data are represented as a solid blue line. Table 2 also summarizes the quadratic elongation and bond angle variance 28 in the different polyhedra of sinhalite at different pressures since these two parameters can provide a rough idea of the distortion and compressibility mechanisms of the different polyhedral units as a function of pressure. It can be observed that both parameters decrease slightly with pressure in all polyhedra, in particular at a greater rate for MgO 6 , thus showing a progressive reduction of the distortion of all polyhedral units with increasing pressure.
Bulk moduli, axial compressibilities, and axial compression ratios of different olivine-type compounds are summarized in Table 3 for comparison purposes. 29−33 The cause for the observed strong anisotropic compressibility in sinhalite and most olivine-type compounds is related to the spatial cation distribution among the M(1), M(2), and T sites as well as the different compressibility of the polyhedral units in the Pbnm orthorhombic unit cell. A deep understanding of the axial compressibilities of sinhalite and other olivines can be only achieved through a detailed examination of its structure. 34−36 Lumpkin and Ribbe 36 reported regression equations that relate the cell dimensions of O-bearing olivines with the size of cations occupying the different octahedral and tetrahedral sites. They showed that (i) the a-axis is mainly affected by the nature of M(1) and T atoms, (ii) that the b dimension is primarily sensitive to cations occupying M(2) octahedra, and (iii) that the length of the c-axis depends to a greater extent on the size of the M(1) and M(2) cations. Note, however, that this analysis in terms of cation-centered polyhedra should be considered within a wider perspective that also includes the study of the metallic framework existing in the olivine structure. Taking a close look at MgAlBO 4 sinhalite, we can recognize fragments of the parent elemental metal structures, e.g., the (110) planes of fcc-Al with Al−Al distances of 2.85 and 4.33 Å parallel to the c axis (see Figure 1b) , which can be compared with the 2.86 Å Al−Al distance and the 4.05 Å lattice parameter in elemental aluminum. This fact has been reported for several oxides with Al atoms in octahedral coordination. 37 For instance, the Al sublattice of Al 2 BeO 4 chrysoberyl also reproduces large fragments of the fcc-Al structure, and the mean value for the Al−Al distance is also 2.85 Å at room conditions. Some relationships can also be inferred after comparing the six olivine isomorphs with different cation valences and sizes collected in Table 3 . First, the zero-pressure unit-cell volumes of silicates at room pressure are considerably larger than those of MgAlBO 4 sinhalite and Al 2 BeO 4 chrysoberyl due to the smaller size of the B and Be atoms compared to the Si atoms. Moreover, the existence of these tetrahedral atoms entails that the trivalent Al 3+ cations ocuppy one or two octahedral sites. Note that AlO 6 octaedra are significantly smaller than MgO 6 octahedra (Al−O average distance in chrysoberyl: 1.914 Å vs Mg−O average distance in forsterite: 2.113 Å), which accounts for the smallest volume of Al 2 BeO 4 . Second, Al 2 BeO 4 chrysoberyl is 29% more incompressible than MgAlBO 4 sinhalite (see inset of Figure 4 ), which in turn is more incompressible than all silicate olivines (e.g., 27% with respect to Mg 2 SiO 4 forsterite). Since the tetrahedral units of the olivine The Journal of Physical Chemistry C Article structure show generally very little compression, regardless the nature of the T atom (tetrahedra bulk moduli ≥300 GPa), the compressional behavior of the olivine structure is controlled by octahedral units and the nature of the M cations located in those units. Such behavior is in sharp contrast to other binary oxide compounds like MgAl 2 O 4 spinel, in which the observed crystal bulk modulus is the average of tetrahedral and octahedral bulk moduli. 38 Our data confirm that, whereas divalent cation octahedra display significant compression with bulk moduli <150 GPa (for instance, B Fe(II)O6 = 149 GPa, 39 which is also consistent with the fact that forsterite and fayalite had similar bulk compressibility values 31 ), Al III O 6 octahedra are reported to be considerably more rigid with bulk moduli >180 GPa. 28, 31, 40 This inverse relationship between cation formal charge and octahedral compressibility was also previously reported for different spinels. 38, 41 Note that in sinhalite, for instance, the compressibility ratio of MgO 6 :AlO 6 octahedra is close to 2. The above reasoning explains, on one hand, the relative incompressibility of nonsilicate olivines (containing one or two Al atoms in octahedral sites) and, on the other hand, the smaller compressibility of chrysoberyl than of sinhalite (the first compound contains two Al in its chemical formula, while the second one contains one Al and one Mg). Finally, the aforementioned rules can also give some insights into the olivine axial anisotropy under pressure. Sinhalite presents similar a and c axial compressibilities as chrysoberyl (see Table  3 ) but a larger b-axis compressibility. This is directly related to the different stiffness of the M(2) cation octahedra, Mg II O 6 and Al III O 6 for MgAlBO 4 and Al 2 BeO 4 , respectively. In the same manner, the compressional behavior of silicate olivines can be elucidated.
42
B. Possible High-Pressure Phases of Sinhalite. To conclude this experimental and theoretical study of the behavior of sinhalite under pressure, we want to comment on possible high-pressure phases of sinhalite. In this respect, we have calculated the energy−volume curves of potential highpressure phases for sinhalite on the basis of HP polymorphs of Mg 2 SiO 4 with structures such as wadsleyite, ringwoodite, TlAlSiO 4 , and thenardite, which can be seen in Figure 6 . As it can be observed, only the wadsleyite-like phase is energetically competitive with the olivine structure at high pressures. Note that the thenardite-like candidate is not depicted due to the large energy difference with respect to the olivine structure. According to our calculations, sinhalite could transform into a wadsleyite-like structure near 83 GPa. In this way, sinhalite would follow the same structural sequence as forsterite, either at high pressure and temperature 24 or just at high pressure. 31 It should be stressed that the olivine− wadsleyite transition could imply large kinetic barriers since in forsterite the olivine structure at ambient temperature persists at pressures far beyond the thermodynamic stability limit of this mineral phase. 43 Therefore, it is presumable that the wadsleyite-like phase of sinhalite could be observed at ambient temperature at pressures much higher than 83 GPa.
The lattice parameters and atomic positions of the theoretically calculated wadsleyite-type structure for MgAlBO 4 at 84.7 GPa are collected in Table 4 , B 0 = 217.9 GPa, and B 0 ′ = 4.2, respectively. As expected, the high-pressure phase is considerably more incompressible than the low-pressure MgAlBO 4 sinhalite phase and Mg 2 SiO 4 wadsleyite. 44 
CONCLUSIONS
Rock-forming silicate minerals such as pyroxenes, garnets, olivines, and even perovskites are often subject to compositional mixed-valence subtitutions in the cation sublattice offering rich crystal chemistry. MgAlBO 4 sinhalite is an olivine-like mineral where the tetrahedrally coordinated Si atoms and half of the octahedrally coordinated Mg atoms of Mg 2 SiO 4 forsterite have been replaced by B and Al atoms, respectively. In this work, we report the study of the structural behavior of MgAlBO 4 under pressure, which evidences significant effects of mixed-valence substitution on compression. Thus, the incorporation of Al atoms into the octahedral sites increases by 27% the bulk modulus with respect to forsterite. The compressibility ratio of MgO 6 :AlO 6 octahedra with a value close to 2 (polyhedral bulk moduli obtained from our calculations: 130(1) and 250(1) GPa for MgO 6 and AlO 6 , respectively) explains both the higher incompressibility and its 
Notes
The authors declare no competing financial interest.
■ ACKNOWLEDGMENTS
